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Summary
Background: Cells heal disruptions in their plasmamembrane
using a sophisticated, efficient, and conserved response
involving the formation of a membrane plug and assembly of
an actomyosin ring. Here we describe how Rho family
GTPases modulate the cytoskeleton machinery during single
cell wound repair in the genetically amenable Drosophila
embryo model.
Results:We find that Rho, Rac, and Cdc42 rapidly accumulate
around the wound and segregate into dynamic, partially over-
lapping zones. Genetic and pharmacological assays show that
each GTPase makes specific contributions to the repair pro-
cess. Rho1 is necessary for myosin II activation, leading to
its association with actin. Rho1, along with Cdc42, is neces-
sary for actin filament formation and subsequent actomyosin
ring stabilization. Rac is necessary for actin mobilization
toward the wound. These GTPase contributions are subject
to crosstalk among the GTPases themselves and with the
cytoskeleton. We find Rho1 GTPase uses several downstream
effectors, including Diaphanous, Rok, and Pkn, simulta-
neously to mediate its functions.
Conclusions: Our results reveal that the three Rho GTPases
are necessary to control and coordinate actin and myosin
dynamics during single-cell wound repair in the Drosophila
embryo. Wounding triggers the formation of arrays of Rho
GTPases that act as signaling centers that modulate the
cytoskeleton. In turn, coordinated crosstalk among the Rho
GTPases themselves, as well as with the cytoskeleton, is
required for assembly/disassembly and translocation of the
actomyosin ring. The cell wound repair response is an example
of how specific pathways can be activated locally in response
to the cell’s needs.
Introduction
Cells are constantly exposed to mechanical and physical
stresses resulting in membrane damage [1]. A cell’s ability to
quickly respond to this damage is crucial for its survival, as
failure to do so leads to loss of cytoplasm, influx of ions, and
ultimately death. Syncytial Drosophila embryos, Xenopus
oocytes, sea urchin eggs, and epithelial cells are models for
this conserved repair response, which requires the coor-
dinated activity of two functional components: plasma
membrane resealing and cortical cytoskeleton reorganization
[2, 3]. Repair of plasmamembrane tears begins with the fusion
of internal vesicles forming a membrane patch that plugs the
damaged area [4]. The primary physiological cue for mem-
brane resealing is thought to be entry of calcium into cells*Correspondence: susanp@fhcrc.org[4]. Cortical cytoskeleton reorganization is mediated by the
simultaneous accumulation of actin and myosin II at the
wound edge, where they assemble into a contractile array
that surrounds the damaged area and drives wound closure
[5–7]. Upstream regulators of actin polymerization, including
Arp3 and profilin, are enriched at the wound edge andmediate
F-actin polymerization [7]. The plasma membrane is linked to
the actomyosin ring through adhesion molecules such that
as the ring contracts it pulls the plasma membrane inward
[5]. Microtubule reorganization is also required in this process
and is essential for proper actin mobilization and membrane
recruitment [5, 8].
During single-cell wound repair, actomyosin ring formation
is dependent on Rho family GTPases. Rho, Rac, and Cdc42,
the founding members of the Rho family GTPases, regulate
distinct aspects of the actin cytoskeleton [9]. Reciprocally,
Rho GTPases are controlled by inputs from the cytoskeleton,
creating a complex signaling network that coordinates actin
polymerization, actomyosin contraction, and microtubule
dynamics in a variety of cellular processes [10]. In Xenopus
oocyte wounds, Rho and Cdc42 accumulate as concentric
rings overlapping with myosin II and actin, respectively. These
array organizations are required to coordinate actomyosin ring
assembly as shown through the use of GTPase inhibitors, and
dominant-negative and constitutively active GTPases [11].
The wound-induced actomyosin contractile array that draws
the cortical cytoplasm closed shares many features with the
evolutionarily conserved actomyosin ring that pinches off
two daughter cells during cytokinesis across phyla (reviewed
in [3]). This similarity includes actomyosin ring morphology,
tethering of the actomyosin ring to the membrane in part
through the adhesion molecule E-cadherin, and regulation by
Rho GTPases [5, 12–16].
While broadly conserved, differences exist between the
Xenopus and Drosophila cell wound repair models with
respect to actomyosin ring assembly, membrane recruit-
ment and reorganization, as well as microtubule network
assembly and function (reviewed in [2]). For example, while
microtubules are required in both cell repair models, they
do not form the radial arrays in Drosophila as they have
been shown to do in Xenopus [5, 8]. Here we examine the
contribution and dynamics of Rho family GTPases during
wound healing in the Drosophila syncytial embryo. We find
that disruption of each GTPase impairs the cell wound repair
process by affecting specific and distinct properties of
the actin cytoskeleton, whereas the simultaneous reduction
of all three Rho GTPases results in wound overexpansion,
disrupted actin recruitment and assembly, and aborted
wound repair. The rapid and localized recruitment of the
three major Rho family GTPases is controlled by crosstalk
among the GTPases themselves and by inputs from cyto-
skeleton components. In contrast to Xenopus oocyte
wounds, we find that the concentric GTPase arrays formed
are overlapping rather than discrete and exhibit different
spatial overlap with the actin and myosin rings. Significantly,
we show for the first time that Rho family GTPases simulta-
neously utilize specific downstream effectors to mediate
their signaling and provide evidence for conserved signaling
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145and cytoskeleton machineries between cell wound repair
and cytokinesis.
Results
Rho1 Regulates Actomyosin Ring Assembly during
Single-Cell Wound Repair
To examine the specific contributions of Rho family GTPases
to single-cell wound repair, we used a combination of genetic
mutants and pharmacological inhibitors to modulate the activ-
ity of each GTPase. Wound assays were conducted in nuclear
cycle 4–6 embryos, and wounds were generated by laser
ablation on the lateral side of the embryos. An actin reporter
(spaghetti squash driven, GFP-moesin actin binding site;
sGMCA) was used to follow cortical cytoskeleton dynamics
during wound repair. To dissect the role of each Rho GTPase
in the repair process, we measured their effects in actin
recruitment and organization using the following parameters:
(1) actin ring width, which corresponds to the area of highly
enriched actin at the wound edge (Figure 1A); (2) actin halo
width, corresponding to the larger area of actin enrichment
surrounding the actin ring (Figure 1A); and (3) cortical actin
mobilization/recruitment toward the wound. For these latter
measurements, we used particle image velocimetry (PIV) to
determine the speed of the cortical flow, as well as the polar-
ity/directionality of flow toward the wound by determining
the angle that each PIV vector was offset from flows oriented
directly toward the wound (see the Supplemental Experi-
mental Procedures available online). In wild-type embryos,
actin is actively recruited to the wound through a mechanism
involving cortical flow (the coordinated mobilization of actin
within the plane of the cortical cytoskeleton) and can be
seen to accumulate by 30 s postwounding (Figures 1B and
1C). By 60 s postwounding, an organized actin ring is present
at the leading edge of the wound surrounded by an actin halo.
After 15min, the wound is closed and actin dissipates from the
wound area (Figure 1B). We first focused on Rho1, an essential
regulator of contractile arrays (reviewed in [17]). We used two
approaches to disrupt Rho1 activity: we generated reduced
Rho1 mutants by combining the wimp mutation in trans to
the Rho1 allele [18] and we treated embryos with C3 exoen-
zyme, which specifically inhibits Rho1 [19]. Rho1 mutant and
C3-treated embryos both show defects in assembling an orga-
nized actin ring, and wounds expand excessively due to
delayed actin recruitment (Figures 1B–J, 1T, 1V, and S1G;
Movie S1). The actin ring in Rho1 embryos is 2.2 times wider
than that in the wild-type (p = 0.0009), and mutant and C3-
treated embryos also display a narrowed halo area (p =
0.0036 and p = 0.0284, respectively) (Figures 1W and 1X).
Although actin cortical flow toward the wound (speed and
direction) was not disrupted in Rho1 embryos (speed:
4.52 mm/min compared to 4.57 mm/min in the wild-type), C3
treatment has a negative effect on actin cortical flow toward
the wound, affecting both the speed and the direction of the
flow (2.59 mm/min [p < 0.0001] and 57.3, respectively) (Figures
1G, 1J, and 1U). This disruption of the polarized cortical flow is
likely to be the result of the fast and abrupt means by which C3
treatment reduces Rho1 levels compared to the more chronic
reduction that takes place in Rho1 mutants. Thus, our data
indicate that Rho1 activity is mostly required for actin ring
and halo assembly and organization (see Figure 2R).
Considering the defects of actin ring assembly observed in
Rho1 mutant and C3-treated embryos, we asked whether
myosin II recruitment or localization was also affected aswound closure requires the assembly of an actomyosin ring
[5, 6]. Indeed, activation of myosin II by phosphorylation of
its regulatory light chain induces its interaction with actin
resulting in enhanced contractility (reviewed in [20]). Early em-
bryos coexpressing actin and myosin regulatory light chain
(sqh-GFP, referred to as myosin) were treated with C3 exoen-
zyme (Figures S1A–S1D). In control embryos, an actomyosin
ring was observed at the wound edge 45 s postwounding (Fig-
ure S1A). Although myosin II mobilizes toward the wound and
localizes at the wound edge in C3-treated embryos, the levels
are significantly lower (9.1%; p = 0.0215) (Figures S1C–S1F).
We observe a more severe effect on actin organization than
on myosin II in C3-treated embryos: actin fails to organize as
a well-defined ring around the wound, but rather distributes
as a diffuse halo, whereas the myosin II that reaches the
wound edge forms a distinct ring (Figures S1B and S1D). Our
results are consistent with the idea that actin and myosin II
recruitment are independent of each other [6] and that Rho1
controls actomyosin ring formation by activation of myosin II
and modulation of actin localization to the wound edge.
Recruitment and Organization of Actin to the Wound Edge
Is Dependent on Cdc42 and Rac
Cdc42 and Rac are also involved in a wide range of signaling
pathways crucial for cell migration, polarization, adhesion,
and membrane trafficking [17]. To examine the role of Cdc42
in cell wound repair, we reduced its activity using the heteroal-
lelic combination Cdc424/Cdc426 (designated Cdc42) [21].
Reduction of Cdc42 results in a wider actin ring compared
with the wild-type (1.6 times, p < 0.0001) and less-oriented
actin cortical flow toward the wound (directionality: 33.9,
compared to 13.9 in the wild-type) (Figure 1K–1M, 1U, and
1W). However, wound expansion and actin halo formation
are not significantly affected in this mutant (Figures 1V and
1X; Movie S1). Drosophila has three Rac genes: Rac1, Rac2,
and Mtl. To modulate Rac levels, we either generated
Rac1J10, Rac2D, MtlD triple mutant embryos (referred as
Rac*) [22] or treated embryos with the Rac inhibitor
NSC23766 [23]. Reduction of Rac by either approach severely
disrupts the directed actin cortical flow, affecting both ring
and halo formation (speed: 2.5 mm/min, p < 0.0001;
and 3.08 mm/min, p < 0.0001, respectively; halo width: p =
0.0009), resulting in wound overexpansion and an aberrant
oval rather than rounded wound shape (Figures 1N–1X; Movie
S1). Rac in this context is necessary for actin mobilization to
the wound edge: the defects observed in actin ring formation
appear to be the consequence of reduced actin levels at the
wound, although we cannot exclude the possibility of ring
assembly defects. Cdc42 is also necessary for the polarized
actin mobilization toward the wound area and for its stabiliza-
tion at the wound edge.
Single Cell Wound Healing Requires the Coordinated
Activity of the Three Rho Family GTPases
Analysis of individual Rho family GTPases shows that they
modulate specific and distinct features of the cytoskeleton
duringwound repair (Figure 2R). To assess the collective effect
of reducing the activity of Rho family GTPases on single-cell
wound healing, we generatedRho1, Rac, Cdc42 triple mutants
(referred as Rho GTPases**) by treating Cdc424/6mutants with
a combination of inhibitors that block Rho1 and Rac (C3 and
NSC23766, respectively). Reduction of the three Rho GTPases
results in wound overexpansion, delayed actin recruitment,
defects in actin ring and halo assembly/maintenance, and
Figure 1. Rho1, Cdc42, and Rac Are Required for Actin Recruitment and Actomyosin Ring Assembly
(A) Confocal image of a single-cell wound depicting the actin ring (bar) and actin halo (dashed circle).
(B–S) Confocal images of wound repair in wild-type (B and C), Rho1 (E and F), C3-treated (H and I), Cdc42 (K and L), Rac* (N and O), and NSC23766-treated
(Q and R) embryos expressing an actin marker (sGMCA). The left panels show xy projections at the specific time points indicated postwounding, and the
right panels are an xy kymograph across the wound area (B, E, H, K, N, and Q). Cortical flow analysis by brightest maximum projection from 0–2 min
postwounding (C, F, I, L, O, and R) and by PIV vectors maps (D, G, J, M, P, and S). In PIV maps, the vectors indicate the direction of the actin cortical
flow and the colors and magnitude represent the flow rate in pixels (in all panels, the color scale is on the left) at the time points indicated.
(T) Quantification of the wound area over time (wild-type [WT], n = 16; Rho1, n = 20; Cdc42, n = 27; Rac*, n = 13).
(U) Quantification of actin cortical flow speed.
(V) Quantification of wound expansion (WT, n = 16; Rho1, n = 20, Cdc42, n = 27; Rac*, n = 13).
(W and X) Quantification of actin ring width (WT, n = 16; Rho1, n = 4; Cdc42, n = 16; Rac*, n = 0) and actin halo width (WT, n = 16; Rho1, n = 9; Cdc42, n = 20;
Rac*, n = 4; buffer, n = 8; C3, n = 5; NSC23766 [referred to as NSC], n = 2).
Measurements were done 90 s postwounding (all results are given as means 6 SEM; unpaired Student’s t tests were performed: *p < 0.05, **p < 0.01,
***p < 0.001, ****p < 0.0001). Scale bars represent 20 mm(xy andbrightestmaximumprojection) and 5 mm(xz/xy kymograph). See also Figure S1 andMovieS1.
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146premature termination of the wound repair response (Figures
2J–2Q; Movie S2) compared to control embryos, including
Cdc424/6 mutants treated with buffer and with the drugs indi-
vidually (Figures 2A–2I and S1H–S1P). Rho GTPases** mutant
embryos show a range of severely disorganized actin rings
that are wider than those in wild-type embryos (5.3 times,p = 0.0394) to no actin rings, as well as an overall lack actin
halos. An interesting feature of the actin organization in these
embryos is that it is broad and filamentous and fails to quickly
drive wound closure (Figures 2J and 2M). We also observed
defects in the later steps of wound healing, with wounds re-
opening (Figure 2J). Cortical flow analysis shows defects in
Figure 2. Cell Wound Healing Requires the Coordinated Activity of the Three Rho Family GTPases
(A–L) Confocal images of wound repair in Cdc42 embryos expressing an actin marker (sGMCA) and treated with buffer (A and B), C3 exoenzyme (D and E),
NSC23766 (G and H), or C3 exoenzyme plus NSC23766 (Rho GTPases**) (J and K). The left panels show selected xy projections, and the right panels are an
xy kymograph across the wound area (A, D, G, and J). Brightest maximum projection from 0–2 min postwounding showing actin cortical flow is presented
(B, E, H, and K). Actin flow analysis by PIV vectors maps (C, F, I, and L), where the vectors indicate the direction of the actin cortical flow and the colors and
magnitude represent the flow rate in pixels (in all panels, the color scale is on the left), at the time points indicated is shown.
(M) Quantification of wound area over time (buffer, n = 7; C3, n = 8; NSC23766, n = 5; Rho GTPases**, n = 7).
(N) Quantification of wound expansion (buffer, n = 7; C3, n = 6; NSC23766, n = 5; Rho GTPases**, n = 7).
(O and P) Quantification of actin ring width (buffer, n = 6; C3, n = 4; NSC23766 [referred to as NSC], n = 0; Rho GTPases**, n = 3) and actin halo width (buffer,
n = 7; C3, n = 8; NSC23766, n = 4; Rho GTPases**, n = 0) at 90 s postwounding.
(Q) Quantification of cortical flow speed.
(R) Schematic summary of the mutant phenotypes. The actin ring (solid blue) and actin halo (shaded blue) are indicated, the black arrows depict direction
and rate of the actin cortical flow.
All results are given as means 6 SEM. Unpaired Student’s t tests were performed: *p < 0.05, ***p < 0.001. Scale bars represent 20 mm (xy and brightest
maximum projection) and 5 mm (xy kymograph). See also Figure S1 and Movie S2.
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147both speed and directionality (Figures 2L and 2Q). Reduction
of both Cdc42 and Rho1 (Cdc424/6 + C3) did not prevent actin
ring and halo assembly, but the ring is wider and disorganized
(three times wider than the control, p = 0.0264) (Figures 2D–2F
and 2M–2Q). In contrast, reduction of Cdc42 and Rac1
(Cdc424/6 + NSC23766) abolishes actin ring assembly, result-
ing in embryos that accumulate actin only as a halo (60%) at
the wound edge or that do not accumulate actin at all (40%)
(Figures 2G–2I and 2M–2P). Thus, these data confirm our pre-
vious analysis of individual Rho family GTPases and show thatthe activities of all three GTPases are necessary for single-
cell wound healing, specifically to mobilize actin toward the
wound, stabilize and assemble actin- and myosin II-depen-
dent structures, and seal the wound edges.
Recruitment and Localization of Rho Family GTPases at
the Wound Edge
To further understand the dynamics of Rho family GTPases in
single-cell wound repair, we followed their in vivo response
uponwounding.We first generated transgenic flies expressing
Figure 3. Cell Wounding Triggers Recruitment of Rho Family GTPases and Their Assembly into Dynamic Arrays
(A–C) Time series of surface projections (xy; scale bar, 20 mm) and orthogonal sections (xz; scale bar, 10 mm) of cell wound repair in embryos expressing an
actin marker and Rho GTPases: mCh-Rho1 (A), mCh-Cdc42 (B), and GFP-Rac1 (C). Actin (red or green arrowheads) and Rho family GTPase (green/red
arrowheads) localization at the wound, as well as colocalization (white arrows), is indicated.
(D–G) Fluorescence intensity profiles in embryos expressing (D) sGMCA, mCh-Rho1; (E) sGMCA, mChCdc42; (F) sChMCA, GFP-Rac1; and (G) sqh-GFP,
mCh-Rho1.
(H) Colocalization of Rho GTPases with myosin II. xy projections (scale bar, 10 mm) and xz sections (scale bar, 5 mm) are shown. Rho1 array localizes on the
interior of the myosin II ring.
(I) Schematic diagram summarizing the localization of Rho GTPases, cytoskeleton and plasma membrane (PM) components at the wound’s leading edge.
The actin ring (solid box) and actin halo (shaded box) are indicated for the different components.
In all panels, time is indicated. See also Figure S2 and Movies S3 and S4.
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148fluorescently tagged Rho, Rac (Rac1 and Rac2), or Cdc42,
under the control of their own (Rho1 and Rac1/2) or a ubiqui-
tous (Cdc42) promoter (see the Supplemental Experimental
Procedures). All of these fluorescently tagged Rho GTPases
are functional and can replace the endogenous protein, as
tested by rescue assays: we observed rescue of zygotic
lethality for Cdc424/4 and Rac* mutants (Figure S2A) and
embryonic rescue for Rho1 mutants (50%; n = 52). Embryos
coexpressing these fluorescent GTPases and an actin reporter
were tested in wounding assays. All of the tagged GTPasesdisplayed specific and characteristic temporal and spatial
patterns: Rho1 localizes as a sharp ring on the interior of the
actin ring, overlapping with actin only at its outermost edge;
Cdc42 is recruited as a sharp ring overlapping with the actin
ring; and both Rac1 and Rac2 accumulate as diffuse rings,
enriched at their internal borders and tapering off externally,
which partially overlaps with the actin ring (Figures 3A–3F;
Movie S3; data not shown). Rho family GTPase recruitment
is a rapid and dynamic process: Rho1 is the first to appear
at the wound edge, 30–45 s postwounding, prior to actin
Figure 4. Crosstalk among Rho GTPases during Single-Cell Wound Repair
(A–C) Confocal images of early embryos expressing combinations of fluorescently taggedRhoGTPases: GFP-Rac1; mCh-Rho1 (A), GFP-Rho1;mCh-Cdc42
(B), and GFP-Rac1; mCh-Cdc42 (C). Scale bars represent 20 mm (xy) and 10 mm (xz).
(D–F) Fluorescence intensity profiles across the wound area in (A)–(C), respectively. Time postwounding is indicated.
(G–L) Crosstalk amongGTPases. Surface projections (scale bar, 20 mm) and kymographs of orthogonal sections (scale bar, 5 mm) ofwound repair in embryos
expressing an actin marker and Rho GTPases are shown: mCh-Rho1 (G-I) and mCh-Cdc42 (J–L) and treated with buffer, C3, or NSC23766 as indicated.
(M and O) Quantification of fluorescence intensity of the Rho GTPases at the wound edge in embryos treated with C3 (M) or NSC23766 (NSC; O).
(N and P) Quantification of the Rho GTPase array width in embryos treated with C3 (N) and NSC23766 (P) (Rho: buffer, n = 6; C3, n = 3; NSC23766, n = 6;
Cdc42: buffer, n = 6; C3, n = 5; NSC23766, n = 5; Rac1: buffer, n = 7; C3, n = 6). Measurements were done at specific times postwounding: Rho1 at 90 s
and Cdc42/Rac1 at 180 s.
(Q) Schematic diagram summarizing crosstalk among the Rho family GTPases.
All results are given as means 6 SEM. Unpaired Student’s t tests were performed: **p < 0.01. See also Figure S2 and Movies S5, S6, and S7.
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149accumulation (Figure 3A). Cdc42 and Rac1 appear after the
onset of actin recruitment at 90–135 s postwounding (Figures
3B and 3C).
The accumulations of Rho family GTPases as ring-like arrays
at the wound edge and their partial overlap with the actin ring
suggest a complex spatiotemporal organization (Figure 3I). To
delineate this organization, we investigated GTPase array
assembly in embryos expressing the Rho GTPases along
with fluorescently tagged myosin II or membrane markers.
We find that Rho1 and myosin II localize as concentric rings,
with Rho1 interior to myosin II and just overlapping with actin
at its outer edge (Figures 3G and 3H; Movie S4). This is consis-
tent with the colocalization of actin and myosin II previously
reported in the Drosophila model [5]. Once activated, Rho
family GTPases switch from cytosolic to membrane localiza-
tion [17]. Simultaneous in vivo analysis of the localization of
Rho GTPases and membrane markers indicated that Rho1,Cdc42, and Rac1 are recruited to the plasma membrane spe-
cifically at the regions flanking the wound (Figures S2B–S2D;
Movie S4). Rho1, which distributes as a funnel shaped array
extending below the wounded area (Figure S2B), precisely
overlaps with the membrane marker Gap43, which has been
previously shown to localize as part of the membrane plug
[5]. Cdc42 and Rac1 also overlap with the membrane markers;
however, these GTPases overlap with plasma membrane
markers adjacent to, but outside of, the membrane plug (Fig-
ures S2C and S2D).
Crosstalk among Rho GTPases
To directly compare the localization of the different Rho family
GTPases at the wound site, we generated embryos expressing
combinations of the GTPases (Figures 4A–4C and S2E–S2G;
Movie S5). As expected, Rho1 concentrates interior to the
Cdc42 and Rac1 arrays: fluorescent profiles across the wound
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150reveal the specific localization of Rho1 internal to the other
GTPases, while Cdc42 and Rac1 overlap at the wound border
(Figures 4D–4F). The existence and segregation of comple-
mentary arrays suggest a mechanism of crosstalk among the
GTPases. To dissect the molecular dynamics of this crosstalk,
we explored the interactions among the GTPases using C3
exoenzyme (Rho inhibitor) or NSC23766 (Rac inhibitor) in em-
bryos expressing an actin reporter and each fluorescently
tagged GTPase. We assessed the effects of the inhibitor treat-
ment on Rho family GTPase array formation by measuring the
following parameters: (1) GTPase array organization at the
wound, by measuring the array width; and (2) Rho family
GTPase recruitment and accumulation, by estimating the
levels of fluorescence intensity of the tagged Rho GTPases
across the wound area. As a control, we evaluated the effect
of the inhibitors on the intrinsic levels of the tagged Rho
GTPases by measuring the fluorescence intensity of the
GTPases in the embryos prior to wounding (referred to as
‘‘resting levels’’) (Figure S2J). C3 treatment significantly re-
duces Rho1 recruitment to the wound edge by 95.4% (p =
0.0017) (Figures 4G, 4H, 4M, and 4N; Movie S6). As expected,
the resting levels of Rho1 fluorescence in C3-treated embryos
was significant reduced (36%, p = 0.0001) (Figure S2J).
Embryos treated with C3 recruited Cdc42 to the wound
edge, but the Cdc42 array is narrower than that in the wild-
type (p = 0.0078) (Figures 4J, 4K, 4M, and 4N; Movie S6). Inter-
estingly, we find that Rac1 resting levels are slightly elevated
after C3 treatment, consistent with the idea that Rho and
Rac often negatively regulate each other (Figure S2J)
(reviewed in [24]). In these embryos, the wound-induced
Rac1 array is expanded at the expense of its levels (p =
0.037 and p = 0.0031, respectively) (Figures 4M, 4N, S2H,
and S2I; Movie S6). Treatment with NSC23766 does not affect
the resting levels of Rho1 or Cdc42 (Figure S2J). However, in
wounding assays, their recruitment is affected, with both
Rho GTPases accumulating at lower levels (p = 0.0053 and
p = 0.0056, respectively), although their localization around
the wound remains unaffected (Figures 4I, 4L, 4O, and 4P;
Movie S7). We used NSC23766 to inhibit Rac in embryos ex-
pressing GFP-Rac1; however, due to limitations with the
drug concentration, we were not able to effectively reduce
both endogenous and GFP-Rac1 to observe a phenotype.
Thus, Rho concentrates at the interior of the actomyosin
ring, stimulating the formation of actin filaments, as well as
the recruitment and activation of myosin II. Rho also modu-
lates the localization and segregation of Cdc42 and Rac1 at
the wound edge. Conversely, Rac is required for actin recruit-
ment and for maintaining Rho1 and Cdc42 levels at the wound
edge. Cdc42 and Rac are also needed to maintain the halo
region circumscribing the actin ring (Figures 3I and 4Q).
Contribution of Actin and Myosin II to the Assembly and
Segregation of Rho Family GTPase Arrays
Disruption of Rho family GTPases impairs the cytoskeleton
response to wounding. Nevertheless, all mutant embryos
manage to heal wounds, suggesting that repair components/
machineries, such as Rho family GTPases, actin, and myosin,
may compensate and modulate each other. We have shown
that Rho GTPases control the local changes in the cytoskel-
eton required for wound healing and have dynamic, specific,
and organized patterns of distribution and localization,
implying that their rearrangements and mobilization may
feed through the cortical cytoskeleton. To explore how the
cytoskeleton components actin and myosin II modulate Rhofamily GTPase array formation/dynamics, we treated embryos
with Jasplakinolide (actin-stabilizing drug; [25]) or Y27632
(inhibitor of Rho-associated protein kinase; [26]) and followed
the formation of the GTPase arrays upon wounding. Stabiliza-
tion of F-actin results in delayed wound repair due to a combi-
nation of slower contraction, actin ring inward translocation
defects, and disruption of cortical flow (Figures 5J, S2L, and
S2M). Rho1, Cdc42, and Rac recruitment to the wound edge
is also affected (Figures 5A–5F), as seen by the low levels of
each at the wound edge (p = 0.0024, p = 0.0464, and p =
0.0232, respectively; Figure 5K), indicating that dynamic
F-actin is required for the maintenance of Rho GTPase arrays.
Rho family GTPase resting levels were not significantly
affected by Jasplakinolide treatment (Figure S2K). In terms
of initial localization, Rho1 and Rac1 array organization is
unaffected, but the Cdc42 array is narrower (Figures 5A–5F
and 5L). However, similar to the actin ring, the circumferential
arrays of RhoGTPases also fail to ingress, indicating that array
translocation of Rho GTPases is driven by dynamic actin (Fig-
ures 5D–5F; Movie S8). Actin stabilization also affects the time
of recruitment to the wound of the Rho family GTPase: Rho1
accumulates with normal dynamics (45 s postwounding; Fig-
ure 5D), whereas Cdc42 and Rac1 recruitment is delayed by
90–150 s (Figures 5E and 5F; Movie S8). These results are
consistent with the in vivo dynamics array formation for Rho
family GTPases: Rho1 is the first GTPase recruited to the
wound, while Cdc42 and Rac1 accumulate 45–90 s later. Actin
may be necessary for the efficient mobilization of Cdc42 and
Rac1, and the low levels of Rho1 at the wound edge may
also affect the recruitment of the other GTPases by a crosstalk
mechanism.
We modulated myosin II levels using Y27632, an inhibitor
that specifically targets the Rho-associated protein kinase
(Rok) [26]. One of Rok’s downstream targets is myosin II,
which is activated by Rok phosphorylation. Y27632 treatment
results in a disorganized and wider actin ring that fails to
properly drive wound closure [5]. In the context of Rho family
GTPase array formation, Y27632 treatment severely affects
both the levels and organization of the GTPase arrays at the
wound edge (Figures 5G–5I, 5M, and 5N; Movie S8). Rho1,
Cdc42, and Rac levels are reduced (25.8%, p = 0.0055;
12.2%, p = 0.0099; and 2.5%, p = 0.0006; respectively), and
the arrays of Rho1 and Rac are wider than in those in the
wild-type (Rho1, p = 0.0057; Rac1, p = 0.0122) (Figures 5M
and 5N). As observed with actin stabilization, disruption of
myosin II also affects Rac and Cdc42 recruitment times
(1.5–4min delays; Figures 5H and 5I). Thus, an intact and func-
tional cortical cytoskeleton is necessary for proper mobiliza-
tion of Rac1 and Cdc42 and for maintenance of the levels
and array translocation of all three Rho family GTPases.
Rho Family GTPases Utilize a Specific Subset of
Downstream Effectors for Cell Wound Repair
As Rho1, Cdc42, and Rac are specifically recruited to wounds
and are required for different aspects of the repair process, we
investigated their activation and the putative effectors medi-
ating their signals to better understand how their activities
regulate the repair process. We used fluorescently tagged
full-length versions of downstream effectors of the different
Rho family GTPases: Rok, Diaphanous (Dia), Cappuccino
(Capu), and Wash for Rho1; WASp for Cdc42; and Pak1 and
Pak3 for Cdc42/Rac (see the Supplemental Experimental Pro-
cedures) [18, 27–32]. Protein kinase N (Pkn), reported to act
downstream of both Rho1 and Rac in Drosophila, was also
Figure 5. Contributions of Rho GTPases and Cytoskeleton Crosstalk
(A–I) Selected surface projections (xy; scale bar, 20 mm) and xy kymographs (scale bar, 5 mm) ofwound repair in embryos expressing an actinmarker andRho
GTPases: mCh-Rho1 (A, D, and G); mCh-Cdc42 (B, E, and H), and GFP-Rac1 (C, F, and I) and treated with DMSO, Jasplakinolide, or Y27632 as indicated.
(J) Quantification of wound area over time (DMSO, n = 15; Jasp, n = 16).
(K and L) Quantification of the fluorescence intensity (K) and array width (L) of the Rho GTPases in embryos treated with Jasplakinolide (Rho: DMSO, n = 5;
Jasp, n = 6; Cdc42: DMSO, n = 5; Jasp, n = 5; Rac1: DMSO, n = 6; Jasp, n = 6).
(M and N) Quantification of the Rho GTPase fluorescence intensity (M) and array width (N) in embryos treated with Y27632 (Rho: buffer, n = 6; Y27632, n = 7;
Cdc42: buffer, n = 5; Y27632, n = 5; Rac1: buffer, n = 7; Y27632, n = 5). Measurements were done at specific times postwounding: Rho1 at 90 s and Cdc42/
Rac1 at 4 min.
All results are given as means 6 SEM. Unpaired Student’s t tests were performed: *p < 0.05, **p < 0.01, ***p < 0.001. See also Figure S2 and Movie S8.
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151examined [33]. All effectors are functional as they exhibit
proper developmental expression patterns (Figures S3I–
S3V), except those for WASp (for Cdc42) and Wash (for
Rho1), whose expression led to early embryonic lethality
(data not shown). Embryos coexpressing an actin reporter
and the effectors were used in wounding assays. The Rho1 ef-
fectors Dia and Rok accumulated at the wound edge with the
same temporal and spatial dynamics as Rho1 (Figures 6A and
6B; Movie S9). Dia and Rok localize as sharp arrays interior to
the actin ring. Pkn localization overlaps with the actin array,
consistent with its acting as an effector for both Rho1 and
Rac (Figure 6C). The other Rho1 downstream effector, Capu,
and the Cdc42/Rac effectors, Pak1 and Pak3, tested did not
accumulate or significantly change localization or levels
upon wounding (Figures S3A–S3C). Moreover, the effectors
faithfully represent Rho1 activity. Embryos coexpressing an
actin marker and fluorescently tagged Dia and Rok were
treated with C3 exoenzyme, and their response upon wound-
ing was examined. C3 treatment significantly reduced the
accumulation of Dia and Rok at the wound edge (to 1.7%,
p = 0.0146; and 5.9%, p = 0.0054, of wild-type levels;respectively) (Figures S3X–S3AA and S3AD). Since Pkn is a
downstream effector of both Rho1 and Rac, we treated
embryos with a combination of inhibitors to these GTPases
(C3 and NSC23766). The majority of the embryos (67%) did
not recruit Pkn to the wound edge, and when recruitment
was observed, the levels were severely reduced (4.6%, p =
0.0042) (Figures S3AB–S3AD). We also tested the effect of
the inhibitors individually on Pkn recruitment, and although
most of the embryos recruited Pkn to the wound edge, we
observed a reduction in the levels accumulated (C3, 86%;
NSC23766, 80%).
To gain further insight, we designed GTPase biosensors:
simple fusions of GFP and the Rho family GTPase binding
domain (RBD) from the specific downstream effectors to allow
us to visualize active GTPases (Figures 6D–6F, S3D–S3H, and
S3W; see the Supplemental Experimental Procedures). The
biosensors with the Dia and Rok RBDs reveal that active
Rho1 concentrates interior to the actin ring (Figures 6D and
6E). Significantly, these results correlate with previous reports
using Xenopus oocytes in which the active Rho reporter
localized as an array internal to the actin ring [11]. The Pkn
Figure 6. Rho Family GTPase Downstream Signaling in Single-Cell Wound Repair
(A–F) Confocal time series showing the cell wound repair response of Rho family GTPase downstream effectors and biosensors: (A) GFP-Dia, (B) GFP-Rok,
(C) GFP-Pkn, (D) DiaRBD-GFP, (E) RokRBD-GFP, and (F) PknRBDGFP. The left panels show an xy projection 90 s postwounding, and the right panels are a
kymograph of cross-sections at the wound. An actin reporter was coexpressed to visualize the repair response.
(G) Confocal images showing colocalization of PknRBDGFP and mCh-Rho1.
(H–K) Downstream effectors are required for cell wound repair. Confocal images of wound repair in (H) wild-type, (I) dia, (J) rok, and (K) Pkn embryos
expressing the sGMCA actin reporter. The left panels show xy projections at specific time points postwounding, and the right panels are an xy kymograph
across the wound area.
(L–N) Quantification of wound area over time (WT, n = 16; dia, n = 10; rok, n = 10;Pkn, n = 8) (L), wound expansion time (WT, n = 16; dia, n = 10; rok, n = 10;Pkn,
n = 8) (M), and actin fluorescence intensity at 90 s postwounding (WT, n = 16; dia, n = 8; rok, n = 10; Pkn, n = 8) (N) is shown.
(O) Schematic diagram summarizing Rho GTPase activity, signaling, and crosstalk during single-cell wound repair.
All results are given as means6 SEM. Unpaired Student’s t tests were performed: *p < 0.05, ***p < 0.001. Scale bars represent 20 mm (xy projection), 10 mm
(xy kymograph), and 5 mm (xz kymograph). See also Figure S3 and Movie S9.
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lapping only at its outermost edge, which is again consistent
with its activity as an effector for both Rho1 and Rac (Fig-
ure 6F). Moreover, we directly compared the localization of
the Pkn activity reporter with fluorescently labeled Rho1. As
expected, the Pkn biosensor localizes to the interior-most
area of the Rho1 array (Figure 6G). The activity reporter’s local-
ization and organization are consistent with the formation of a
GTPase array with active Rho1 concentrated on the interior
edge nearest the center of the wound.
To dissect the specific contributions of each downstream
effector in the wound healing process, we conducted wound-
ing assays in rok, dia, and Pknmutants. We generated rok, dia,
andPkn knockdownmutants using RNAi (Figure S3AE; see the
Supplemental Experimental Procedures). All mutants dis-
played a range of severe wound healing defects, including fail-
ure to properly knit the wound edges together and wound
reopening (Figures 6H–6L). Actin recruitment is delayed by
30 60 s, leading to wound overexpansion (Figure 6M), and
less actin accumulates at the wound (dia: 30.6%, p < 0.0001;rok: 31.3%, p < 0.0001; Pkn: 23.1%, p < 0.0001) (Figure 6N).
The disruptions to repair observed were so severe that the
characteristic actin ring-halo organization was lost in the
mutant embryos (Figures 6H–6K). Thus, while we were unsuc-
cessful in identifying specific downstream effectors for Cdc42
andRac, our data indicate that a specific subset of Rho1 effec-
tors are required concomitantly to modulate specific aspects
of the actin and myosin cytoskeleton required to repair
wounds (see Figure 6O).
Discussion
Single-cell wound repair requires the coordination of cytoskel-
eton and membrane components, allowing the cell to quickly
reseal the damaged area and restore cell function. We find
that disruption of any of the Rho family GTPases interferes
with wound healing: Rho1 controls actin-myosin II stabilization
and ring assembly, whereas Cdc42 and Rac regulate actin
recruitment and cortical flow (Figure 2R). Consistent with
this, wounding triggers the local assembly of mobile partially
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153overlapping concentric Rho family GTPase arrays (Figure 3I).
The recruitment, organization, and levels of the Rho family
GTPases at the wound edge are refined by crosstalk among
the GTPases and with cytoskeleton components. Importantly,
we show that specific downstream effectors are used simulta-
neously to mediate the repair signal, highlighting new features
of the machinery involved in the wound repair process. Taken
together, our results show that complex interactions among
Rho family GTPases are needed to maintain their character-
istic precise and dynamic organization, and to coordinate
the cell wound repair machinery (Figure 6O).
Rho GTPases Control Actin Recruitment and Actomyosin
Ring Assembly at the Wound Edge
Actin and myosin II recruitment and organization at the wound
edge are key and conserved elements of the single cell wound
repair process in different organisms. In epithelial cells and
Xenopus oocytes, wounding induces a strong cytoskeletal
response dependent on calcium and Rho family GTPase
signaling [6, 7, 34]. In particular, the contractile actomyosin
ring formed in Xenopus oocyte wounds is accompanied by
the flow of cortical F-actin filaments toward the wound from
neighboring regions [6, 7]. Myosin II also accumulates as foci
at the wound edge, and its recruitment is independent of
F-actin and cortical flow, although its subsequent assembly
into a continuous ring does require an intact F-actin network
[7]. Interestingly, we find that actin and myosin II are both
actively mobilized toward the wound in the Drosophila
syncytial embryo, in a process dependent on cortical flow.
This mobilization of myosin II is necessary for proper acto-
myosin ring assembly and function. In the context of
Drosophila cell wound repair, Rac coordinates the actin and
microtubule network that influences actin and myosin recruit-
ment, consistent with its known functions in regulating the
polymerization of both actin and microtubules [10]. The sharp
actomyosin ring formed at the leading edge of the wound, as
well as the accompanying halo of dynamic actin, provides
the contractile force driving rapid wound closure. We find
that Rho1 is necessary for myosin II activation, leading to its
association with actin: actin fails to accumulate as a ring at
the wound edge when myosin is disrupted. This is consistent
with Rho’s known role in increasing the phosphorylation of
the myosin II regulatory light chain via its downstream effector
Rok [35]. Rho1, along with Cdc42, also functions upstream of
the assembly and constriction of the actomyosin ring, where
they likely trigger actin filament formation and subsequent
actomyosin ring stabilization.
In addition to Rho family GTPases regulating actomyosin
ring assembly, the actin and myosin II cytoskeleton recipro-
cally mediates GTPase function. For example, the assembly/
disassembly of the actin network in Xenopus oocyte wounds
has been shown to disrupt the local activation and inactivation
patterns of Rho andCdc42, which are required for wound heal-
ing progression [36]. In the Drosophilamodel, actin is required
for the translocation, refinement, and maintenance of the Rho
family GTPase arrays, while myosin II is required for their
recruitment and organization. The actomyosin ring acts as
scaffold for signaling molecules that, in turn, are responsible
for the polymerization of actin and activation of myosin II.
Stabilization of the actin network by Jasplakinolide treatment
provides strong evidence that the actomyosin array and the
underlying signals translocate together. A striking observation
from this model is that Rho1, the first Rho family GTPase to be
recruited, accumulates at the wound site even when the actinand myosin II cytoskeleton is severely disrupted, indicating
that its recruitment is independent of cytoskeleton integrity.
Cdc42 and Rac1, which accumulate after Rho1, are sensitive
to disruption of actin and myosin II. Thus, we find that Rho
family GTPases are required in Drosophila syncytial embryos
for proper wound healing through reciprocal regulation with
the dynamic and integrated actin and myosin II networks.
Coordination and Crosstalk among Rho Family GTPases
Rho family GTPases localize at the wound edge with a precise
and characteristic organization pattern. Here, we show for the
first time the recruitment of Rac GTPases to the wound: Rac1
and Rac2 accumulate as graded ring-like arrays at the wound
edge. By analyzing the distribution of the endogenous Rho
GTPases, we find that Rho, Cdc42, and Rac (Rac1/2) form
partially overlapping concentric arrays that correlate with their
specific functions during wound repair. Another interesting
observation is that Rho is recruited to the wound before the
onset of actin and myosin II recruitment and followed by
Cdc42 and Rac (Rac1/2) with a 90 s delay. We also analyzed
the localization of active Rho GTPases using a combination
of activity biosensors and downstream effectors. In the
Drosophila model, active Rho1 localizes as a discrete array
internal to the actomyosin ring. This is in contrast to that
observed in Xenopus oocyte wounds, where active Rho and
Cdc42 arrays are formed as discrete concentric rings overlap-
ping with myosin II and actin, respectively [11]. Although the
timing and configuration of the GTPase arrays is different in
the two cell wound models, they both achieve the same end
result: organization of a highly contractile actomyosin ring
and a dynamic surrounding zone of actin and myosin assem-
bly/disassembly, thereby ensuring that a region of highly
contractility enriched in myosin II is followed by one of low
contractility where actin can assemble. Indeed, the organiza-
tion of Rho GTPases as local arrays is not only restricted to
contractile ring structures such as those observed in wound
repair and cytokinesis, but is a common strategy in different
biological processes. In the context of cell migration, coordi-
nated zones of Rho family GTPases at the cell’s leading
edge regulate the waves of cellular protrusion and retraction
necessary for migration [37]. In this scenario, Rho activation
occurs first, followed by Cdc42 and Rac1 with a 40 s delay.
Rho accumulates at the front of the cell concomitant with pro-
trusions and its levels are reduced during retraction, while
Rac1 accumulates behind the Rho array with its levels remain-
ing high during the retraction phase. These patterns of activa-
tion and organization correlate with their proposed activities:
Rho modulates contraction and polymerization, whereas
Cdc42 and Rac1 regulate adhesion dynamics [37].
Negative feedback among Rho GTPases is a conserved
theme in multiple cellular and developmental processes [24].
In the Xenopus wound model, Rho has been shown to nega-
tivelymodulate the integrity of the Cdc42 array, while inhibition
of Cdc42 activity strongly suppresses local Rho activation [38].
Moreover, Abr, a protein with Rho/Cdc42 GEF and Cdc42 GAP
activity has been shown to accumulate at the Rho zone where
its GAP activity is required to locally suppress Cdc42 activity,
allowing Rho and Cdc42 to segregate into their respective
zones [36]. We are unable to specifically deplete Cdc42 in
our Drosophila syncytial embryo wounding assays, so we
cannot directly address its effects on Rho1 and Rac in this
model. Nonetheless, our results support the idea of GTPase
crosstalk playing a role in the control of GTPase array organi-
zation, segregation, and levels. A notable example of crosstalk
Current Biology Vol 24 No 2
154in this context comes from the expansion of the Rac1 wound-
induced array in embryos where Rho1 levels were depleted,
suggesting that high levels of Rho1 at the wound edge inhibit
Rac1 accumulation at the interior of the actomyosin ring,
thereby allowing Rac1 to control the dynamic actin halo
surrounding the wound. These intricate and highly regulated
interactions among Rho family GTPases allow them to effi-
ciently execute their multiple functions in the cell.
Regulation and Downstream Effectors of Rho GTPase
Signaling
A current challenge in the field is to determine how Rho
GTPases are maintained locally at high levels that dynamically
adjust during wound closure. Recent studies in the Xenopus
model propose a mechanism of GTPase treadmilling wherein
Rho and Cdc42 are subject to rapid local activation and
inactivation, which is different for each GTPase: the Rho
activity zone is shaped by trailing edge inactivation, whereas
Cdc42 undergoes variable inactivation across the array [36].
The development of biologically active photoactivatable Rho
family GTPase reporters will be necessary to determine the
relevance of this option in the Drosophila cell wound model.
An alternate possibility is that Rho family GTPases and their
regulators are anchored at the plasma membrane in an actin-
dependent manner. Putative candidates for anchoring pro-
teins are the ERM family proteins, which are known to interact
and regulate Rho GTPases in different cellular process [39].
We were surprised to find that Rho1 utilizes multiple down-
stream effectors simultaneously during wound repair, begging
the question of how this specificity is achieved, maintained,
and tweaked dynamically. Considering the complexity of
wound repair, cytoskeletal responses are likely regulated via
several signaling pathways that converge on the contractile
ring. These pathways require precise coordination to provide
and integrate the different components required for the
dynamic assembly and disassembly of contractile ring
machinery as the wound is drawn closed. Rho family GTPases,
rather than switching the behavior of the entire cell, would
need to be capable of locally modulating the dynamics of the
cytoskeleton from one part of the cell to another. This speci-
ficity associated with simultaneous recruitment and function
of downstream effectors is likely to be a key regulatory feature
for dynamic orchestration of cell wound repair. Future chal-
lenges include defining the molecular composition of these
signaling modules and delineating the combinations and spe-
cific subcellular localizations of Rho GTPases, GEFs, GAPs,
upstream regulators, and downstream effectors that are
needed for the proper functioning of these pathways.
Experimental Procedures
Fly Strains and Genetics
Flies were cultured and crossed on yeast-cornmeal-molasses-malt extract
media andmaintained at 25C. Genotypes of the fly strains used are listed in
the Supplemental Experimental Procedures.
Plasmid and Constructs
Constructs generated in this study are described in the Supplemental
Experimental Procedures.
Embryo Handling/Preparation and Drug Injections
Early embryos were collected for 0–1 hr at room temperature (23C).
Embryos were hand dechorionated, dried for 5 min, and transferred to
series 700 halocarbon oil (Halocarbon Products) on Greiner Lumox culture
dishes or glue dried onto number 1.5 coverslips as previously described
([5]; see the Supplemental Experimental Procedures). Pharmacologicalinhibitors were injected as previously described ([5]; see the Supplemental
Experimental Procedures).
Live Imaging
All imagingwas performed in series 700 Halocarbon oil at room temperature
(23C) on a Nikon TE2000-E stand (Nikon Instruments), with 403/1.4 NA
objective lens and controlled by Volocity software (v.5.3.0, Perkin
Elmer), as previously described ([5]; see the Supplemental Experimental
Procedures).
Laser Wounding
Laser ablation experiments used the Photonic Instruments Micropoint
Computer Controlled System (Photonic Instruments) ([5]; for details see
the Supplemental Experimental Procedures).
Image Processing, Analysis and Quantification
Image series were either analyzed with Volocity software (v.5.3.0, Perkin El-
mer) or were exported as TIFF files and then imported into ImageJ (http://
rsb.info.nih.gov/ij/) for processing. xy projections correspond to either
maximum projections of the entire 27 mm stack or selected slices. xz
cross-sections were taken across the middle of the wound. Kymographs
correspond to cross-sections at the wound area from either xz cross-
sections or xy maximum projections (86.18 3 9.85 mm). Details of image
preparation and quantification methods are given in the Supplemental
Experimental Procedures. Measurements were downloaded into Microsoft
Excel, and the data were graphed using Prism 5.0c (GraphPad Software).
Student’s t tests were used to analyze the data; p < 0.05 was considered
to be statistically significant. All graphs include SEM bars.
Western Blots and GST Pull-Down Assays
Western blots and GST pull-down assays were performed as previously
described [40] and as described in the Supplemental Experimental
Procedures.
Supplemental Information
Supplemental Information includes Supplemental Experimental Proce-
dures, three figures, one table, and nine movies and can be found with
this article online at http://dx.doi.org/10.1016/j.cub.2013.11.048.
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